. Protein Translocation Models for Representatives of the Bacteria (E. coli), Eukarya (S. cerevisiae), and Archaea (M. jannaschii)
While biochemical and genetic analyses led to the identification of the E. coli and S. cerevisiae key components, the M. jannaschii model is based on homology searches of its entire genome for bacterial and/or eukaryotic translocation components. Homologs of bacterial and eukaryotic proteins that have not yet been found (or may not exist) in archaea are drawn in gray. Components of the archaeal heterotrimeric protein complex exhibit stronger sequence similarity to components of the eukaryotic Sec61 than to the proteins of the bacterial SecYEG complex.
The Energetics of Protein Translocation
a SecA homolog in the completely sequenced archaeal genomes of M. jannaschii and Methanobacterium therThe energy required for protein translocation is provided by different mechanisms in various organisms. ATPases moautotrophicum, or in Pyrobaculum aerofilum, whose genome sequence is nearly completed. Since SecA is provide energy for protein translocation in bacteria and eukaryotes (Wickner, 1994) . In addition, bacteria use the highly conserved among bacteria and chloroplasts, it is likely that an archaeal SecA would have been identified electrochemical force of the proton gradient across the cytoplasmic membrane (the proton motive force or PMF)
by our homology searches. The failure to find archaeal SecA or extracytoplasmic to help drive proteins across the membrane. SecA is a cytosolic bacterial protein that uses ATP hydrolysis to Hsp70 homologs raises a number of interesting issues. For example, archaeal protein translocation may use an insert and to deinsert into the membrane during translocation, possibly pushing translocating proteins across ATPase unlike either SecA or Hsp70 to provide energy for translocation. Discovery of such ATPases would prothe membrane (Figure 1, left panel) .
In yeast, Kar2p, an Hsp70 homolog which is not lovide insights into what classes of ATPase may function in protein translocation. It is possible that homologs of cated in the cytosol but in the lumen of the endoplasmic reticulum (ER), may use ATP hydrolysis to provide the such a new type of ATPase might also play a role in protein translocation in eukaryotes, either as a part of energy for the transport of proteins across the membrane during translocation (Figure 1, middle panel) the apparatus that translocates proteins across the ER or as a factor that transports proteins from the cytosol (Brodsky et al., 1995) . Similarly, it has been suggested that BiP, the mammalian Kar2p homolog, acts during into other compartments. In this context, one should bear in mind that some secretory proteins in mammals mammalian translocation and helps proteins to get across the membrane. However, it has been proposed are translocated directly across the plasma membrane using unknown pathways. that translocation in mammalian cells requires neither an ATPase nor a PMF for protein translocation (Gö rlich It is also possible that archaea do not require an ATPase for the translocation of proteins across the memand Rapoport, 1993). Instead, translation itself may drive the nascent polypeptide from the membrane-bound ribrane. For instance, archaeal protein translocation may rely entirely on PMF to drive proteins across the membosome across the membrane into the ER lumen.
Neither an extracytoplasmic Hsp70 nor a SecA homobrane. E. coli protein translocation requires a PMF, but it is not sufficient to perform protein translocation in the log has been found in archaea sequences. Failure to find an extracytoplasmic Hsp70 is perhaps not too surabsence of SecA. However, recently a protein import pathway into chloroplast thylakoids has been described prising. Hsp70s require ATP and, since small molecules, like ATP, are free to diffuse away from the cell once that relies entirely on a pH gradient. Alternatively, all protein translocation in archaea might occur cotranslaoutside the cytoplasmic membrane, it would probably be very difficult to provide ATP to an extracytoplasmic tionally without the need for an extra energy source as is proposed for the cotranslation mode in eukaryotes Hsp70.
Perhaps more surprisingly, despite extensive se-(Gö rlich and Rapoport, 1993). In any case, studies of the energetics of protein translocation in archaea are quence comparisons, we have not been able to identify 
a Homologous components or processes identified. b Homologous components or processes not identified. The archaeal homologs are more closely related to the eukaryotic Sec61␣ and Sec61␥ than to the bacterial SecE and SecY, respectively. Distance matrix trees (program NJPlot) are inferred from bacterial (light face type), archaeal (bold), and eukaryotic (outline type) SecE and SecY amino acid sequences. The evolutionary distance between any two sequences is given by summing the lengths of horizontal connecting branches.
likely to provide interesting information about the evoluis not required for the export of many soluble extracytoplasmic proteins in vivo and in vitro (Phillips and Silhavy, tion of strategies to provide energy for protein translocation.
1992), recent evidence suggests that E. coli SRP may be required for the assembly of some integral membrane The Initiation of Protein Translocation Most extracytoplasmic proteins are synthesized with an proteins (Ulbrandt et al., 1997). Archaea also contain homologs of SRP components, N-terminal signal sequence that targets them for export. The function and structure of these sequences are conwhich are more closely related to the eukaryotic than to the bacterial homologs. Analyzing archaeal SRP may served in all domains of life. Signal sequences have very little primary sequence homology but share three be the key to understanding the evolution of SRP and its function in bacteria. Because much is known about physical characteristics: a positively charged N terminus, a core of at least six hydrophobic amino acids, and the function of SRP in eukaryotes, the high sequence conservation of archaeal and eukaryotic SRP compoa more polar C terminal region lacking charged amino acids where cleavage by a signal peptidase takes place. nents will help with the elucidation of the role of SRP in archaea. In turn, unraveling the role of archaeal SRP While signal sequences from different organisms are often interchangeable, it is not yet known if archaeal may help explain the role of SRP in bacteria. In addition, the discovery of functional similarities and differences signal sequences will function in bacteria or eukaryotes.
A variety of ways in which signal sequences target between the eukaryotic and the smaller prokaryotic SRPs will further our understanding of the mechanism proteins for export in bacteria and eukaryotes has been identified. This process has been best studied in mamby which the SRP cycle is regulated.
In bacteria, some proteins may be targeted for translomalian cells. As a signal sequence emerges from a translating ribosome, it is bound by a 16S ribonucleocation by the export-specific chaperone SecB. It has also been suggested that SecA recognizes signal seprotein particle, the signal recognition particle (SRP). SRP retards the rate of translation and targets the riboquences. Since S. cerevisiae mutants lacking SRP are viable, there are likely to be other soluble eukaryotic some to the translocation apparatus in the ER membrane. A second signal sequence recognition event is proteins required for the targeting of the signal sequences. Analyzing the archaeal translocation system performed by a membrane component of the protein translocation apparatus.
may identify non-SRP targeting factors, which may also be found in bacteria and eukaryotes. Many signal sequence-containing proteins in S. cerevisiae and a few proteins in mammalian cells do not
Other Membrane-Embedded Components of the Protein Translocation Apparatus require SRP to be targeted for export. Remarkably, SRP is not essential for the survival of the yeast cell. It is In addition to the SecYEG/Sec61 complex, a number of other membrane proteins are required for protein transnot known whether other soluble proteins recognize the signal sequences during the SRP-independent translocation in bacteria and eukaryotes, but are not shared between these two domains. These proteins include port, but it is likely that in posttranslational translocation a heterotetrameric complex of membrane proteins, the SecD and SecF (in bacteria), TRAM (in mammalian cells), and the heterotetrameric Sec62/63p complex (in yeast). Sec62/63p complex, is involved in this process.
E. coli and other bacteria have an SRP that is much While the functions of these proteins are largely unknown, it is likely that they regulate the function of the less complex than eukaryotic SRP, and its role in protein targeting remains unclear (Poritz et al., 1988 components that are unique to the archaea.
Conclusions and Prospects
The core components of the protein translocation systems of all domains of life, which are likely to make up the membrane pore, are evolutionarily conserved and probably have similar functions in all domains. However, there are additional components that are essential for protein translocation in some systems, but are absent from others. It is possible that the functions of these proteins are performed by nonhomologous proteins in other systems. Therefore, comparison of the protein translocation machineries of organisms from all three domains of life is likely to help reveal which components play analogous roles in the translocation process and how they function in protein translocation. The rapid progress in the molecular biological techniques available to study archaea makes it possible to investigate archaeal protein translocation in vivo and in vitro. Genetic screens and biochemical analyses of archaeal systems may also lead to the identification of unique archaeal translocation components and components that are conserved across domains, but which so far have not been identified in bacteria and eukaryotes.
